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Abstract We report results from a wide-angle controlled source seismic experiment across the Juan de
Fuca plate designed to investigate the evolution of the plate from accretion at the Juan de Fuca ridge to
subduction at the Cascadia margin. A two-dimensional velocity model of the crust and upper mantle is
derived from a joint reflection-refraction traveltime inversion. To interpret our tomography results, we first
generate a plausible baseline velocity model, assuming a plate cooling model and realistic oceanic
lithologies. We then use an effective medium theory to infer from our tomography results the extent of
porosity, alteration, and water content that would be required to explain the departure from the baseline
model. In crust of ages>1Ma and away from propagator wakes and regions of faulting due to plate bending,
we obtain estimates of upper crustal hydration of 0.5–2.1wt % and find mostly dry lower crust and upper
mantle. In sections of the crust affected by propagator wakes we find upper estimates of upper crustal, lower
crustal, and upper mantle hydration of 3.1, 0.8, and 1.8wt %, respectively. At the Cascadia deformation front,
we find that the amount of water stored at uppermost mantle levels in the downgoing JdF plate is very
limited (<0.3wt %), withmost of the water carried into the subduction zone being stored in the oceanic crust.

1. Introduction

Water incorporated into oceanic lithosphere prior to and with onset of subduction is the primary source of
water transfer within the subduction zone [Rüpke et al., 2004]. As the plate descends, metamorphic dehydra-
tion reactions resulting from increasing pressure and temperature [van Keken et al., 2011] provide a mechan-
ism for significant delivery of water at depth [Kawakatsu and Watada, 2007]. Free water and the presence of
hydrous phases in the subducting slab both affect a number of subduction zone processes such as [Hacker
et al., 2003] the following.

1. The presence of serpentine decreases the shear strength of peridotite [Escartín et al., 2001], affecting the
rheology of the mantle wedge [Billen and Gurnis, 2001].

2. Episodic tremor and slip events have been linked to fluid overpressures at and above the plate interface
[Obara, 2002; Rogers and Dragert, 2003].

3. Dehydration embrittlement of the subducting slab may be responsible for intraslab seismicity [e.g., Hacker
et al., 2003].

4. By decreasing the solidus of the mantle, water plays an important role in the formation of magmas and
active volcanic arcs [Tatsumi, 1989].

The total water content of an incoming plate can be considered as the sum of the free water in pore spaces in
the sedimentary cover and highly porous upper crust (which is mostly lost in the shallow forearc region), che-
mically bound water in sediment clay minerals, chemically bound water in the upper and lower crust result-
ing from the precipitation of secondary hydrous alteration products, free water in fault zones, and bound
water of hydrous minerals in the uppermost mantle resulting from serpentinization of peridotite. On the basis
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of modeling of global subduction zones, Hacker [2008] concludes that oceanic mantle, which is the least well
constrained, is the primary source of water subducted to postarc depths.

Hydration of oceanic crust begins in the near-axis region where fluid circulation along joints and cracks is
driven by strong thermal gradients associated with crustal formation [Elderfield and Schulz, 1996]. At the axis
both high-temperature focused flow and low-temperature diffuse drive hydration of the upper and perhaps
middle crust through alteration of basaltic rocks and mineral precipitation in the pore space of the crust [Alt
et al., 1986]. As the plate ages, hydration continues driven by low-temperature circulation associated with
conductive plate cooling [Elderfield and Schulz, 1996]. Sediment blanketing of the oceanic crust and precipi-
tation of hydrous phases in cracks and joints limit the open exchange of seawater within the crust, thus redu-
cing the potential of the plate to incorporate more water as it ages. The “sealing age” of the plate is therefore
dependent on both spreading and sedimentation rates [e.g., Nedimović et al., 2008].

Geochemical, petrological, and geophysical constraints suggest that the lower oceanic crust is dry prior to
hydrothermal alteration [e.g., Hirth et al., 1998, and references therein]. The onset and extent of lower crustal
hydrothermal alteration depends on the axial thermal structure and the distribution of permeable pathways
and is a topic of ongoing debate. Cores drilled in exposed lower crustal rocks off the East Pacific Rise (EPR)
reveal alteration along cracks through the precipitation of hydrous phases within 1Myr of crustal accretion
[Lécuyer and Reynard, 1996].

As the plate approaches a subduction zone, a secondary phase of hydration may occur because plate
bending-related faulting creates a pervasive tectonic fabric throughout the crust and upper mantle
[Peacock, 2001; Ranero et al., 2003]. Stresses created by the bending of the subducting slab result in subhy-
drostatic pressure gradients localized along faults which can penetrate tens of kilometers below the Moho,
pumping fluids downward from the saturated upper crust to the dry lower crust and upper mantle
[Faccenda et al., 2009].

The faulting of the oceanic lithosphere as it enters a subduction zone may lead to decreased seismic veloci-
ties through fracturing and increased porosity as well as subsequent hydration due to fluids migrating along
those cracks. Low seismic velocities near the Chile and Nicaragua trenches have been used to estimate the
extent of hydration of the incoming mantle [e.g., Contreras-Reyes et al., 2007; Ivandic et al., 2008; van
Avendonk et al., 2011]. Offshore central Nicaragua, a velocity decrease of 5–7% in the uppermost 3–4 km of
the mantle was found seaward of the outer trench rise, indicating increasing crack density and/or systematic
serpentinization of 12–17% (1.55–2.17wt % water) [Ivandic et al., 2008]. On a trench-parallel (15–20 km from
the trench) profile over the Cocos plate, van Avendonk et al. [2011] estimate ~1wt % water content in the
lower crust offshore Nicaragua and uppermost mantle serpentinization of up to 30% (3.5wt % water) off-
shore central and northwestern Nicaragua and 8–17% (1–2wt % water) in the southeast. South-central
Chile similarly displays a decrease in upper mantle velocities in the trench and outer rise area. There, the thick
sedimentary cover is thought to impede hydration which is reflected in an upper bound estimate of 9%
serpentinization in the uppermost 2 km of the mantle [Contreras-Reyes et al., 2007]. In all of these cases the
decrease in upper mantle seismic velocity coincides with the onset of bending-related faults observed in
seafloor bathymetry.

At the Cascadia subduction zone, the state of hydration of the Juan de Fuca (JdF) plate is of particular interest
because little hydration of the downgoing plate is expected based on its young age and presumably warm
state [e.g., Hyndman and Wang, 1993]. However, numerous observations consistent with slab dehydration
suggest significant hydration of the downgoing plate [e.g., Audet et al., 2009; Bostock et al., 2002; Hacker
et al., 2003; Kao et al., 2005; Preston et al., 2003; Rogers and Dragert, 2003;Walowski et al., 2015]. Prior studies
within the interior of the JdF plate provide evidence for hydration of the upper crust associated with ridge
flank hydrothermal circulation and spatially correlated with local zones of ridge propagation [McClymont
and Clowes, 2005; Nedimović et al., 2009, 2008; Newman et al., 2011] but the full extent of when and how
water is incorporated into the lithosphere during the evolution of the JdF plate, and how water is distrib-
uted at depth within the plate prior to subduction remains unknown. To address this important question,
we conducted in 2012 an active source seismic study to characterize crustal and shallow mantle velocities
and distribution of faulting along two ridge-perpendicular transects spanning the full width of the JdF
plate and a trench-parallel line to characterize along-margin variations in the architecture and velocity
structure of the downgoing plate [Carbotte et al., 2014; Han et al., 2016]. Here we present a P wave seismic
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tomography model of the sediments, crust, and uppermost mantle along one of the plate transects
extending from 0.7Ma crust near Axial volcano to the Cascadia margin offshore central Oregon. We use
the evolution of seismic velocities from the ridge to the deformation front as indicators of alteration and
porosity changes at different levels and provide an estimate of the water content of the plate under different
plausible mineralogical assumptions. This work, based on wide-angle ocean bottom seismometer (OBS) data,
complements that of Han et al. [2016], who reported the results from analysis of multichannel seismic (MCS)
data that document the distribution of faulting along both plate transects. Results from the remaining trans-
ects will be published elsewhere.

2. Tectonic Setting
2.1. The Juan de Fuca Ridge

The JdF plate is formed at the intermediate spreading (25–33mm/yr half rate [Wilson, 1993]) JdF Ridge (JdFR).
The JdFR is split into seven primary segments: Cleft, Vance, Axial, Coaxial, Northern Symmetric, Endeavor, and
Middle/West Valley (Figure 1). The JdFR has a northwesterly absolute motion that has recently (0.5Ma)
brought it into contact with the Cobb hot spot [Karsten and Delaney, 1989], currently located beneath Axial
seamount. In addition to Axial seamount, a broad plateau centered on the Cleft segment associated with
0.7–1.0 km thicker crust is thought to be the result of increased crustal production in the last 0.5Ma related
to the Cobb hot spot combined with a preferential southward channeling of melt supply [Carbotte et al.,
2008]. Similarly, the Endeavor segment has a large plateau related to increased crustal thickness as a result
of interaction with the Heckle melt anomaly [Carbotte et al., 2008]. Morphology of the ridge is characterized
by axial summit grabens created by dike-induced faulting [Carbotte et al., 2006] and their large sensitivity to
small fluctuations in magma supply at this spreading rate [Canales et al., 2005]. The depth to the seismically
imaged axial melt lenses generally increases to the north from 2.1 km at Cleft to 2.6 km at Endeavor [Carbotte
et al., 2006]. An exception to this trend is Axial seamount, where the depth to the top of the magma reservoir
varies between 1.1 and 2.3 km [Arnulf et al., 2014].

2.2. The Juan de Fuca Plate Interior

The JdF plate is crosscut by a number of “pseudofaults” or propagator wakes, which result from the growth or
“propagation” of one spreading ridge segment across a small ridge offset into preexisting crust formed at
an adjacent “dying” ridge segment [Wilson, 1988] (Figure 1). As a result of propagation, crust transferred from
one plate to another results in plate age reversals along the spreading direction [Hey et al., 1980]. Propagation
also rotates and shears the crust within its wake [Hey et al., 1980] resulting in higher porosity and alteration, as
has been inferred from seismic studies on the flanks of the EPR [e.g., Canales et al., 2003] and JdFR [e.g.,
McClymont and Clowes, 2005; Nedimović et al., 2008]. As a result of this shearing and alteration, propagator
wakes are potential areas of enhanced fluid flow [Nedimović et al., 2008]. On the basis of velocity-density rela-
tionships and gravity anomalies, McClymont and Clowes [2005] further propose that propagator wakes are
locations of partial upper mantle serpentinization. Nine major events of ridge propagation at the JdFR have
occurred during the last 18Ma [Wilson, 1988; Wilson, 1993]. Using gravity and seismic data Marjanović et al.
[2011] find thinner and/or more dense crust within these propagator wakes. Additionally, they find the pre-
sence of 10–20 kmwide zones of thicker crust located on the young crust side of the propagators at distances
up to 10 km from the edge of the wake. Within these wide zones of thicker crust Nedimović et al. [2005]
imaged bright subhorizontal to shallowly ridgeward dipping seismic reflectors in the mantle which they
interpreted as frozen subcrustal magma chambers related to the propagation of the ridge axis.

In the interior of the plate, hydration of the upper crust is inferred from observations of increasing P wave
velocities within seismic layer 2A and 2B with increasing crustal age and sediment cover [Nedimović et al.,
2008; Newman et al., 2011]. The thickness of the sedimentary cover varies in the N-S direction across the
JdF plate with full burial of the oceanic crust at younger ages in the north decreasing strongly to the south.
Compared to regions with limited sedimentary cover, larger increases in velocities at young crustal ages are
found in regions of full sediment burial near the ridge axis [Nedimović et al., 2008]. This is a consequence of
fluid circulation in a high-permeability JdF upper crust [Davis et al., 1997] that results in alteration andmineral
precipitation increasing with sedimentary cover [Hunter et al., 1999; Nedimović et al., 2008]. The documented
spatial variations in crustal velocities therefore imply greater extents of hydration in the upper crust in the
north than farther south along the plate.
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2.3. The Cascadia Subduction Margin

The structure of the Cascadia forearc region varies significantly along strike in response to changes in thick-
ness (or absence) of the accreted oceanic Siletz terrane [Tréhu et al., 1994]. Thickness of the terrane reaches a
maximum value of 25–35 km beneath the Oregon Coast Range. This area is considered to be the region of
greatest strength of the forearc crust which is reflected in low rates of forearc seismicity, the narrowest
subduction complex width, and a region of smaller but more mafic arc volcanic activity [Tréhu et al., 1994].
To the north of the Oregon Coast Range, the Siletz terrane thickness decreases with a minimum value of
6 km offshore Vancouver Island. South of the Oregon Coast Range the Siletz terrane is absent, with the forearc

Figure 1. Location of the Juan de Fuca ridge-to-trench seismic profiles Lines 1, 2, and 3. OBS positions for Line 1 are marked with yellow circles (some of them num-
bered; red for instruments that did not return data or were not used). Color bands correspond to magnetic isochrones fromWilson [2002]. Dark gray shaded regions
correspond to propagator wakes. Dotted black line is the Cascadia deformation front. Ridge axis is shown in yellow lines, and fracture zones in black-white lines. JDF,
Juan de Fuca plate; EX, Explorer plate; GA, Gorda deformation zone; RDTF, Revere-Dellwood transform fault; STF, Sovanco transform fault; NF, Nootka fault zone; BTF,
Blanco transform fault; and MTF, Mendocino transform fault. Figure is modified from Nedimović et al. [2009].
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instead mostly supported by the Klamath block [McCrory and Wilson, 2013]. The regions of thin or absent
Siletz terrane are areas of increased forearc seismicity, increased subduction complex width, and more silicic
and voluminous volcanic activity [Tréhu et al., 1994]. The seismic investigation of Gerdom et al. [2000] of the
internal structure of the Cascadia accretionary prism offshore Oregon found that the dip of the subducting
Juan de Fuca plate increases from 1.5° to 6.5° to 16° as it moves from the trench to beneath the accretionary
complex to east of the coast. Additionally, Gerdom et al. [2000] find that the base of the Siletz terrane seems to
be in contact with the subducting oceanic crust, which would suggest that no large volume of sediment is
subducted to greater depth offshore Oregon.

Hydration of the lower crust and upper mantle just seaward of the deformation front is expected to be limited
due to the young age (5–9Ma [Wilson, 1988; Wilson, 2002], Figure 1) and warm thermal regime of the JdF
plate [Hyndman and Wang, 1993; Wada and Wang, 2009]. Previous reflection studies revealed pervasive
faulting in the sedimentary section blanketing the Juan de Fuca plate starting ~200 km west of the deforma-
tion front, but whether there is any significant crustal hydration associated with this faulting was unknown
[Nedimović et al., 2009]. The new seismic reflection images of Han et al. [2016] reveal faults closer to the defor-
mation front that cut the crust and reach down to and beneath Moho levels offshore Oregon. Offshore
Washington, faults are slightly steeper, dominantly dip seaward, and do not extend into the lower crust or
upper mantle. Based on these differences in the extent of crustal/mantle faulting near the deformation front,
Han et al. [2016] infer that the oceanic plate offshore Oregon has a higher potential for crustal alteration and
mantle serpentinization than offshore Washington.

Within the Cascadia subduction zone, numerous observations suggest significant hydration of the lower
crust and upper mantle of the downgoing JdF plate. Episodic nonvolcanic tremors [Rogers and Dragert,
2003] associated with slow slip along the subduction interface [Dragert et al., 2001] are abundant in the
Cascadia subduction zone, and their occurrence is thought to be facilitated by slab-derived fluids based on
the location of the tremor in close proximity to strong seismic reflectors above the plate interface [Kao
et al., 2005]. Intraslab seismicity located at intermediate depths is generally thought to arise from dehydration

Figure 2. (top) OBS data from instrument 57 with intershot spacing of 37.5m. Clear sediment refraction (Ps) and subbase-
ment crustal refraction (Pg) arrivals are present. (bottom) Picked arrival times for Ps (red) are plotted with predicted arrival
times from forward modeling of final model in yellow, light green, and dark blue for Ps, Pg, and basement reflection (PbP),
respectively.
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reactions [Kao et al., 2008; Preston et al., 2003]. Reflection banding is also present above the megathrust and is
likely related to fluids given the high electrical conductivity associated with this zone [Nedimović et al., 2003].
Low shear wave velocities in the forearc mantle from teleseismic waveform inversions suggest that the
forearc region is highly hydrated and serpentinized due to fluids released from the slab as the subducting
crust undergoes eclogitization [Bostock et al., 2002].

3. Data Acquisition

In June–July 2012 a two-ship seismic experiment was conducted using the R/VOceanus (cruise OC1206A) and
the R/VMarcus G. Langseth (cruise MGL1211) with the main objective of understanding the state of hydration
of the JdF plate from ridge to trench as well as along strike of the subduction zone to inform the interpreta-
tion of along-strike variation in subduction zone processes. Active source 2-D MCS reflection profiles were
collected by the R/V Marcus G. Langseth along three main lines (Figure 1): two plate transects from the
JdFR to the Cascadia margin (Line 1, from Axial volcano to offshore central Oregon, and Line 2 from
Endeavor segment to offshore central Washington) and amargin-parallel profile (Line 3) connecting the plate
transects and located ~10 km seaward from the Cascadia deformation front. MCS acquisition parameters are
given in Han et al. [2016]. Wide-angle reflection/refraction data were collected along the same profiles, which
were instrumented with short-period OBSs from the OBSIP instrument pool (obsip.org). OBS deployments
and recoveries were conducted from RV Oceanus. OBS seafloor locations were determined by shipboard
acoustic surveying or by direct wave arrival traveltime relocation. OBS sample rate was 200Hz for four
channels (three-channel seismometer and hydrophone). The OBSs recorded air gun shots from the
Langseth’s 6600 cu in. air gun array, which was triggered every 37.5m for MCS profiling and every 500m
for the wide-angle survey. The highly dense spatial data sampling of the MCS shots allows for detailed
identification of near-offset, shallow arrivals (i.e., sediments and upper crust) in the OBS records (Figure 2),
while OBS recordings of the large shot spacing result in records with high signal-to-noise ratio at large offsets
appropriate for identifying crustal and mantle arrivals (Figure 3).

Figure 3. (top) OBS data from instrument 66 with intershot spacing of 500m. Clear Pg, PmP, and Pn arrivals are present.
Data gaps from mitigation shooting (red bars) or skipped shots (black bar) are indicated for the ranges affected.
(bottom) Picked arrival times for Pg (red), PmP (light blue), and Pn (dark green) are plotted with predicted arrival times from
forward modeling of final model in yellow, light green, and dark blue for Pg, PmP, and Pn, respectively.
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Here we report observations and
results obtained along Line 1, which
included 29 OBSs at 16 km inter-
instrument spacing (Figure 1). Our
analysis of Line 1 data includes mini-
mal processing of the MCS data to
image igneous basement and mea-
sure sediment thickness and detailed
traveltime tomography of the OBS
data to determine the Pwave velocity

structure of the sediments, crust, and upper mantle. An in-depth analysis of Line 1 and 2 MCS data is pre-
sented by Han et al. [2016]; OBS results from the other profiles will be presented elsewhere. Source data used
for this study are archived through IRIS (OBS data [Canales and Carbotte, 2012]) and the MGDS (MCS data
[Carbotte et al., 2014]).

4. Data Processing
4.1. MCS Data

For the purposes of this paper we processed the MCS data up to a poststack migrated section, focusing on
imaging the igneous basement to be used as a constraint on the tomographic inversions. Imaging crustal
and mantle reflectivity from these data is presented in Han et al. [2016]. Our processing consisted of (1)
common-midpoint (CMP) geometry definition and gathering, (2) stacking velocity analysis, (3) spherical
divergence correction, (4) surface-consistent amplitude balancing, (5) 3–60Hz bandpass filtering, (6)
normal-moveout correction, (7) CMP stacking, (8) mute seafloor multiple, and (9) poststack F-K domain time
migration. The seafloor-to-basement two-way traveltime along Line 1 was digitized from themigrated image.

4.2. OBS Data

The OBS data were used to derive a Pwave velocity model based on the arrival times of the following phases:
sediment refractions (Ps), subbasement crustal refractions (Pg), Moho wide-angle reflections (PmP), and sub-
Moho refractions (Pn).

OBS data were filtered between 5 and 20Hz for phase interpretation and traveltime picking. Predictive
deconvolution to minimize reverberations from the source bubble and suppress internal multiples was
performed on the OBS records of large shot spacing to improve imaging of the PmP triplication. Details of
picking for each phase are given in Table 1. Examples of typical OBS records and the corresponding travel-
time picks are presented in Figures 2 and 3. Record sections for all the OBS for both large and small shot spa-
cing are included in the supporting information.

5. Velocity Modeling

The 2-D tomographic velocity model inversion and ray tracing was performed using the joint
refraction/reflection method Tomo2D [Korenaga et al., 2000]. Tomo2D uses a 2-D starting model and travel-
time picks to solve the forward problem and invert for a new velocity model and depth to a floating reflector.
The model space is parameterized as a sheared grid of variable spacing, hung from the bathymetric profile.
Horizontal node spacing was set to a constant 250m, while vertical node spacing was set to 100m for the first
2 km, 200m to 4 km, 300m to 7 km, and 500m to the bottom of the model. Overall dimensions of the model
are 2090 nodes along the profile in X direction and 107 nodes in depth or Z direction. Bathymetry along the
profile was constructed from multibeam data from the RV Langseth EM-122 echosounder. The forward pro-
blem is solved using a hybrid of the graph and ray bending methods [Korenaga et al., 2000; van Avendonk
et al., 1998]. The inverse problem uses the sparse matrix solver LSQR to solve a regularized linear system with
model parameters including Pwave velocity at eachmodel node and depth to reflector weighted by smooth-
ing and damping parameters [Korenaga et al., 2000]. Trade-off between perturbations in velocity versus
reflector depth is controlled by a depth kernel weighting parameter w [Korenaga et al., 2000]. Smoothing
is imposed by a parameter λ that controls the relative importance of smoothing constraints with respect to

Table 1. Data Fit Statisticsa

Stage Phase N λ LH (km) LZ (km) RMS χ2

I Ps 1388 15 3 0.3 17 0.25
II Pg 2414 15 3 0.3 17 0.76
II PmP 2695 15 6 0.3 30 1.5
III Pn 2602 150 6 1 25 0.97

aN is number of picks. λ is a smoothing weight; LH and LZ are horizontal
and vertical correlation lengths, respectively; and χ2 is the RMS normal-
ized by the pick uncertainty.
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the data resolution [Korenaga et al., 2000]. Damping constraints are also placed on the model to decrease the
amplitude of model parameter perturbations when starting with a model with large misfit.

We followed a top down modeling approach, starting with the sedimentary layer, then the crust, and finally
the mantle. At each stage, the structure of the overlaying layers obtained from the previous stage was kept
fixed during the inversion. This was accomplished by imposing large damping values to model parameters
located above a predetermined interface: the basement for the Stage 2 inversions (crust) and the Moho
reflector for the Stage 3 inversion (mantle). This strategy ensures that velocity perturbations at each stage
occur only below the predetermined interface.

Rather than using a single starting model at each stage, we followed the Monte Carlo approach described in
Korenaga et al. [2000]. This approach allows estimating the model uncertainty arising from the dependence
of inversion results on the initial assumptions. At each stage we computed 100 solutions starting from
random initial models (details of models are in the supporting information). Each Monte Carlo solution was
obtained after several inversions, starting with a large λ value to obtain a long-wavelength structure and then
continued to lower λ values to allow shorter-wavelength perturbations to the model as required by the data.
The preferred solution for each stage was then calculated as the average of the 100 Monte Carlo solutions,
and the model uncertainty estimate as the standard deviation of the 100 Monte Carlo solutions.

The quality of the data fit was evaluated using the root-mean-square (RMS) value of the difference between
the predicted and observed travel times and the χ2 (RMS misfit normalized by pick error). Data fit conver-
gence was deemed adequate when the χ2 reached unity. Data fit statistics for the preferred solutions after
each inversion stage are given in Table 1.

5.1. Stage 1: Sediments

For simplicity we refer to “sediments” as the layer above the igneous JdF plate oceanic basement everywhere
along our model, including the continental shelf east of the deformation front. Thus, our sedimentary layer
represents the pelagic and turbiditic sediments west of the deformation front, as well as the accretionary
wedge and subducting sediments, and the western edge of the igneous Siletz terrane [Gerdom et al., 2000;
Tréhu et al., 1994] east of the deformation front. We refer to refractions within any of these units collectively
as Ps arrivals. Only data from 12 instruments (50–65, Figure 1) were used at this stage, as sediments beyond
140 km west of the deformation front are too thin to produce usable Ps arrivals in the OBSs.

Using the Monte Carlo approach described above during this first stage resulted, in the following stage, in
highly uncertain crustal velocities beneath the continental shelf due to the lack of deep-penetrating Ps rays
that sample zones of high sedimentary P wave velocity and the western edge of the Siletz terrane [Gerdom
et al., 2000; Tréhu et al., 1994]. Therefore, we modeled the sediment layer in two separates parts: one covering
the model section seaward from the deformation front using the Monte Carlo approach described above,
and a second one covering the landward part of the model in which a single 2-D starting model from
Gerdom et al. [2000] was used. To compensate for the lack of deep-penetrating Ps rays beneath the continen-
tal shelf, inversion of the landward part of the model also included vertical-incidence basement traveltimes
derived from the MCS data [Han et al., 2016], thus increasing the ray coverage in a region of the model with
sparse coverage from the OBS data. Both solutions were then merged into a single model and further refined
to provide one internally consistent solution to all Ps traveltimes.

The OBS records of the MCS shots show clear reflections from the basement (PbP, Figure 2). Although this
information could be used to constrain sediment thickness, we did not include this phase in our modeling
because sediment thickness derived from the MCS images is more accurate and has higher lateral resolution.
To determine the thickness of the sedimentary cover, the two-way traveltime difference between the sea-
floor and basement reflectors on the MCS profile was used in conjunction with the velocity model obtained
in Stage 1.

The Stage 1 results (shown as part of the final model in Figure 4) have no or very thin sedimentary cover from
the seaward end of the profile until ~250 km west of the deformation front where there is a small basin
bounded on the east by a narrow (10 km wide) basement high. Sedimentary thickness then begins to gradu-
ally increase landward starting at 200 kmwest of the deformation front and reaching 3.1-3.2 km at the trench.
Sediment velocities start at ~1.7 km/s at the seafloor with a vertical gradient of 0.6 s-1 through the sediment
section. The sedimentary velocity model shows only a small variation from a 1-D reference velocity model.
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Our experimental setup provided ray coverage in the eastern portion of the sedimentary sequence (<140 km
west of the deformation front) where the sedimentary thickness is significant (Figure 4a). Due to the expected
small lateral variation in sedimentary velocities the extrapolation of the model to the west (>140 km) based
on results obtained within areas with ray coverage is justified. Furthermore, due to the decreasing sedimen-
tary thickness to the west any velocity inaccuracy from this extrapolation will result in very small errors in
sediment thickness.

5.2. Stage 2: Crust and Moho

A new set of Monte Carlo initial models was constructed using the sedimentary velocity model and basement
depth of Stage 1 and randomized 1-D crustal structure (see supporting information) hung beneath the crust-
sediment interface. For this stage we used Pg and PmP arrivals observed in the OBS records of large shot spa-
cing. In order to keep the sedimentary layer structure constant, we imposed a large damping value to grid
points above the basement interface. This strategy ensures that any velocity perturbations from the inversion
of crustal phases occur in the crustal layer of the model. The trade-off between velocity perturbations within
the crust andMoho depth is controlled in the inversion through a depth kernel weighting factor,w. A value of
1 representing equal weighting was used. Sensitivity of the results to this parameter was evaluated using a
range of larger values of w. Generally, increasing w leads to larger deviations of the inverted reflector depth
from the startingmodel as well as larger model misfit. Thus, the choice of equal weighting seems appropriate.

The Stage 2model shows ray coverage from Pg and PmP phases that extends 350 kmwest of the deformation
front to 40 km east for the full thickness of the crust (Figure 4). Velocities at the top of the crust gradually
increase from 3.1 ± 0.1 km/s at 360 km west of the deformation front to 4.3 ± 0.8 km/s beneath the trench.
Lower crustal velocities drop from 7.1–7.3 ± 0.15 km/s to 6.9–7.0 ± 0.1 km/s beginning ~100 km west of the
deformation front. Crustal thickness along the line has a maximum of 6.3 ± 0.3 km at 300 km from the defor-
mation front. Crustal thickness shows a slight decreasing trend toward the trench reaching 6.1 ± 0.5 km at
the trench.

5.3. Stage 3: Mantle

Following a satisfactory inversion for Pg and PmP (χ2 ~ 1, Table 1), the mantle phases Pn were included in the
inversion. A new set of initial models was constructed by using the sedimentary and crustal velocity model of

Figure 4. (a) Final 2-D velocity model. Thick gray bars indicate location of propagator wakes. OBS numbers (see Figure 1)
are shown at the top. “HR” denotes location of Hydrate Ridge between OBSs 56 and 57. (b) Crustal thickness along line. (c)
Interpretation of prestack time migrated multichannel seismic (MCS) images of the Oregon transect from Han et al. [2016].
Features are annotated in the legend table. Vertical exaggeration is ~7 times.
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Stages 1 and 2, and randomized 1-D mantle structure (see supporting information) hung beneath the Moho
interface. The sedimentary and crustal structures were held constant by imposing large damping values to
model parameters above the Moho interface.

The Stage 3 model has ray coverage in the uppermost mantle with a range of penetration of 0.5 to 4 km
below Moho (Figure S1). Velocities in the upper mantle are generally 7.9–8.1 ± 0.1 km/s. Two large low-
velocity anomalies are present; one wide zone is located at 170–220 km west of the deformation front and
one narrow zone 40–50 km west of the deformation front. These two low-velocity zones have values as
low as 6.9 ± 0.4 km/s and are spatially correlated with the location of propagator wakes.

5.4. Monte Carlo Uncertainty Estimation

A measure of the uncertainty of the models arising from the dependence of inversion results on the initial
assumptions was estimated by calculating the standard deviation of all the Monte Carlo realizations at each
stage. The uncertainty estimates for all individual layers were combined into a single matrix and are shown in
Figure S1b in the supporting information. The uncertainty of themodel beneath the Oregon continental shelf
could not be estimated because here we used only one starting model (see section 5.1).

Uncertainty in the crust in the outer portion of the plate (>150 km west of the deformation front) is low with
values between 0 and 0.2 km/s generally increasing with depth. Beginning from 150 kmwest of the deforma-
tion front moving landward the uncertainty of a thin zone (100–500m) located at the top of the crust gradu-
ally increases to 0.5–0.7 km/s, while values in the lower crust remain around 0–0.2 km/s (Figure S1). East of the
deformation front the zone of high uncertainty in the upper crust expands to a 1.5 km thickness, and uncer-
tainties in the lower crust increase to 0.1–0.4 km/s. In the mantle, uncertainties are generally 0.1 km/s with the
exception of the two low-velocity zones that have values up to 0.4 km/s due to the lower ray coverage inher-
ent in low-velocity zones.

6. Analysis and Interpretation of the Velocity Model

In order to interpret our velocity results, we first generated a plausible baseline velocity model based upon a
plate cooling model and realistic oceanic lithologies. We then use effective medium theory (with elastic para-
meters from expected lithologies and alteration products) [Kuster and Toksöz, 1974] to infer from our tomo-
graphy results the amount of porosity, alteration, and water content required to reconcile our results with the
baseline model.

6.1. Thermal Modeling

To construct a thermal model for the JdF plate along our model line we first used SEDTEM [Wang and Davis,
1992] to calculate the thermal structure west of the deformation front. SEDTEM is a one-dimensional finite
element model that accounts for the role of sedimentation on plate cooling. Input parameters appropriate
for the JdF plate sediments are taken from Hyndman and Wang [1993, Table A1]. Sedimentation rate was
estimated from MCS-derived sedimentary thickness. In order to account for the more complicated thermal
structure of the accretionary prism and continental margin, we used a 2-D numerical thermal model with
kinematic slab and dynamic wedge, following Syracuse et al. [2010]. The model incorporates constraints
appropriate for our profile: sediment thickness, crustal thickness, crustal age, convergence speed, and the
oceanic geotherm derived from SEDTEM at 30 km west of the deformation front. The resulting 2-D tempera-
ture model is presented in Figure 5.

6.2. Predicting Vp as a Function of Crustal Age and Lithology

We use the temperature dependence of velocity for basalt, gabbro, and peridotite [Christensen, 1979] to
calculate the predicted age-dependent Vp along our profile at three representative depth intervals: the
upper crust (0.5–1.5 km below basement, within the dike section), lower crust (2.5–0.5 km above Moho),
and upper mantle (0.5–1.5 km below Moho). For each depth interval temperatures were vertically averaged.
As reference values for Vp for unaltered lithologies at room temperature, we use 6.7 km/s for diabase
[Carlson, 2014], 7.35 km/s for gabbro [Miller and Christensen, 1997], and 8.5 km/s for peridotite [Ben Ismail
and Mainprice, 1998]. The predicted Vp for each lithology as a function of distance along Line 1 is shown in
Figure 6, for comparison with the tomography results vertically averaged within each of the depth
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intervals considered. Differences between the predicted Vp and the tomography results are discussed in
detail in section 7.

6.3. Water Content Estimates

Porosity in the plate results in reduced seismic wave speeds compared to a nonporous matrix [Wilkens et al.,
1991]. We assume that all of the differences in Vp between the depth-averaged tomography results and the
baseline velocities derived from the thermal model are due to porosity (inherited from accretion at the ridge
and/or faulting induced), with cracks and pore space filled with either water or hydrous alteration products.
We consider that any potential effects due to changes in anisotropic fabric along the profile or along-profile
changes in dominant lithology at each depth interval are negligible. We use effective medium theory as
formulated by Kuster and Toksöz [1974] to explore the effect on Vp of two end-member scenarios: free water

Figure 6. Along line velocity extracted from tomography model (Figure 4) (solid black line) with error bounds (dark gray
shaded region) at three depth intervals: (a) upper crust (0.5–1.5 km below basement), (b) lower crust (2.5–0.5 km above
Moho), and (c) upper mantle (0.5–1.5 km below Moho) compared to thermal model predicted velocities (dashed lines) for
the same depth ranges and an assumed lithology (see text). Gray bars mark locations of propagator wakes. Vertical tick
marks in Figure 6a indicate plate age in Ma.

Figure 5. Predicted plate temperature. Gray bars mark locations of propagator wakes. Depth to basement and Moho is
shown with bold black lines. The small-scale “bumps” in the isotherms eastward of the deformation front are purely an
artifact produced by conforming the thermal structure to the seafloor topography for display purposes.
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and alteration-mineral filled porosity. The effective Vp of a two-phase medium (Vp*, i.e., our tomographically
derived Vp) is a function of the elastic constants of the hydrated porosity medium (infilling alteration pro-
ducts) and that of the dry matrix, the porosity fraction c, and the crack aspect ratio α : Vp* = f(K, K′,μ, μ′, ρ, ρ′,
c, α), where K, μ, and ρ are bulk modulus, shear modulus, and density, respectively, and ′ denotes porosity
medium. Thus, assuming that the elastic constants of the porosity infilling material, the crack aspect ratio,
and its water wt % are known, one can derive porosity fraction c by comparing our tomographically derived
P wave velocities with the predicted baseline Vp, and from c the bulk water content of the two-
phase medium.
6.3.1. Upper Crust
In the upper crust we only consider the case of porosity in the form of free water filling cracks. We do not
consider the case of porosity occupied by alteration minerals because common alteration minerals found
in the upper crust such as quartz, epidote, sulfides, zeolites, calcite, and prehnite have elastic constants very
similar to those of diabase, thus making Vp insensitive to the amount of alteration in diabase [Alt et al., 1986].
Therefore, our water content estimates for the upper crust should be viewed as lower bounds. The aspect
ratio of cracks has a strong influence on the effect of porosity on Vp. Aspect ratios of 1 correspond to perfectly
spherical inclusions and 0.01 to thin cracks. Using the elastic constant for diabase and brine listed in Table 2
and the formulation of Kuster and Toksöz [1974], we find that the observed Vp in the upper crust can be
explained by 0.3–0.8wt % to 0.8–4.0wt % water, for crack aspect ratios of 0.01 and 0.1, respectively
(Figure 7a).
6.3.2. Lower Crust
For the lower crust we consider the case of porosity both in the form of infilling alteration and free water.
Where gabbro is exposed to seawater at elevated temperatures there are several possibilities for plausible
alteration mineral assemblages. We use the thermodynamic models of McCollom and Shock [1998] to define
an assemblage of alteration minerals for olivine gabbro at temperatures and pressures appropriate for the
lower crust along our profile (Figure 5). At 400°C modeled assemblage MA1 consists of plagioclase (34%),
amphibole (45%), clinopyroxene (12%), and epidote (9%) (Table 1), while at 500°C modeled assemblage
MA2 is plagioclase (40%), amphibole (43%), and clinopyroxene (17%) (Table 1) [McCollom and Shock, 1998].
Elastic parameters for the alteration mineral assemblages at the appropriate pressure and temperatures were
calculated using the workbook of Hacker and Abers [2004] (Table 2).

Inferred water content in the lower crust derived from our velocity model has a range of 0.0–1.1wt % water
depending on the alteration mineral assemblage considered (Figure 7b). In some instances, modeled veloci-
ties in the lower crust are lower than the theoretical velocity of the porosity material. In those cases a
maximum value of wt % water equal to the water content of the alteration assemblage is given, as if the
protolith had been completely replaced with alteration products. The estimated total amount of water in
the plate differs for the two mineral assemblages considered, but the trends of water content are the same
for both cases and are discussed in section 7. As an end-member case, we also calculate water contents for

Table 2. Elastic Parameters and Water Content for Water, Alteration Phases, and Protolithsa

K (Gpa) μ (Gpa) ρ (g cm�3) Water (wt %) Vp (km/s) Vs (km/s) Aspect Ratio dVp/dT (km s�1 K�1)

Brine 2.4b 0 1.03 b 100 1.50 - 0.01, 0.1 -
MA1 87 47 3.04 1.1 7.00 3.9 0.01 -
MA2 85 44 2.98 0.8 6.94 3.8 0.01 -
Serpentine 43.5 14.5 2.52 12.3d 5 c 2.4 c 0.01 -
Talc 41.5 e 22.6 e 2.58 e 4.7 d 5.30 3.0 0.01 -
Diabase 78.3f 41f 2.93 f - 6.70 3.7 - �0.00039
Gabbro 96.7 c 46.3 c 2.94c - 7.35 4.0 - �0.00057
Peridotite 142.5 g 46.3 g 3.30 - 8.50 4.6 - �0.00056

aK is bulk modulus, μ is shear modulus, r is density, and T is temperature. MA1, modeled assemblage one contains plagioclase, amphibole, clinopyroxene, and
epidote. MA2, modeled assemblage two contains plagioclase, amphibole, and cpx.

bTöksoz et al. [1976].
cMiller and Christensen [1997].
dSchmidt and Poli [1998].
eBailey and Holloway [2000].
fCarlson [2014].
gIsmail and Mainprice [1998].
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the lower crust for the case of porosity in the form of free water filling cracks (Figure 7b), which yields a lower
bound for the amount of water that can be stored in the lower crust based on our seismic velocity model.
6.3.3. Uppermost Mantle
At pressures above 2 kbar and temperatures over 400°C, serpentine (antigorite) and talc are the expected
dominant alteration minerals in a water-saturated average mantle peridotite [e.g., Schmidt and Poli, 1998].
For the expected pressures in the uppermost mantle along our transect (<2.5 kbar west of the deformation
front) serpentine is stable to ~500°C. At higher temperatures serpentine is converted into forsterite and talc
[Ulmer and Trommsdorff, 1995]. As estimated temperatures below the Moho along our line are generally
400–500°C reaching a maximum of 550°C at the deformation front (Figure 5), it is likely that the alteration
minerals present in the upper mantle are a combination of serpentine and talc and we, therefore, calculate
potential water contents for each. Water is predicted to be driven to mantle levels in the outer rise region
by subhydrostatic vertical pressure gradients along brittle normal faults [Faccenda et al., 2009]; thus, we also
calculate free water contents as an end-member case (Figure 7c).

7. Discussion

Our plate-scale seismic velocity model for the Juan de Fuca plate (Figure 4a) bears the imprint of a complex
suite of the structure inherited from crustal formation, intraplate stresses, sedimentary loading, off-axis low-
temperature hydrothermal alteration, subduction-related bending faulting, and associated alteration. In the
following sections, we discuss the velocity variations found at upper crustal, lower crustal, and upper mantle
levels, as well as our inferred water content estimates and implications for structure of the plate interior
structure away from propagator wakes and away from the region of subduction bending (section 7.1);
implications for the influence of propagator wakes on plate structure and hydration (section 7.2); implications
for the extent of hydration associated with plate deformation inferred from seismic reflection imaging
of crustal and mantle faults (section 7.3); and the mantle hydration of a young, hot subducting oceanic plate
(section 7.4).

Figure 7. Calculated water content for the three depth intervals. (a) Upper crust (0.5–1.5 km below basement) water
content for cracks filled with free water with crack aspect ratios of 0.01, dark blue line, and 0.1, green line, with shaded
region corresponding to range of values arising from uncertainty in the velocity model. (b) Lower crust (2.5–0.5 km above
Moho) water content for cracks filled with free water (dark blue), mineral assemblage 1 (green), and mineral assemblage 2
(cyan). (c) Upper mantle (0.5–1.5 km below Moho) water content for cracks filled with free water (dark blue), serpentine
(green), and talc (cyan). Shaded regions correspond to range of values arising from uncertainty in the velocity model. Gray
bars indicate location of propagator wakes.
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7.1. Plate Structure Away From Propagator Anomalies and Away From Bending-Related Processes

Our velocities for the upper crust are averaged for a depth interval that encompasses most of seismic layer 2B
within the dike section of the oceanic crust and that excludes the uppermost lowest velocity layer of the crust
(seismic Layer 2A). Velocities within this upper crustal layer at young ages (<1Ma) show the largest deviation
from the across-plate predicted Vp for diabase, (ΔVp~�1.7 km/s), indicating that for such young ages upper
crustal velocity is largely controlled by porosity with water contents of up to ~4wt % (Figures 6 and 7).
Between crustal ages of 1.0 and 1.3Ma (~350 km from the deformation front) velocities increase and free
water contents decrease which we attribute to infilling of intrinsic porosity inherited from crustal formation
by alteration minerals. For crustal ages of 1.3–6.0Ma (~350–180 km), the average Vp is ~5.6 km/s (Figure 6a),
which is similar to the nearly constant 5.4–5.6 km/s velocity found at the top of layer 2B in 0.5–8.3Ma crust in
the superfast spreading southern EPR [Grevemeyer et al., 1998]. A previous study across the flanks of the JdFR
[Newman et al., 2011] found that upper layer 2B reaches a mature Vp value of ~5.2 km/s within 0.5 Myr and
remains relatively constant afterward out to at least ~3.5Ma. Our results are consistent with this (note that
our upper crustal values represent the average within the dike section, while Newman et al. [2011] reported
values only for the uppermost part of this layer) and show that within the sedimented JdF plate interior upper
crustal structure remains constant beyond 1Myr in the absence of subduction bending effects (i.e.,>150 km
from the deformation front) (Figure 6a). The estimated amount of free water stored in this mature, unper-
turbed upper crust ranges between 0.5 and 2.4wt % (Figure 7a) depending on the aspect ratio of cracks.
The observation that layer 2B velocities remain ~1.1 km/s lower than expected in the dike section to at least
until 6Ma (Figure 6a) and without any apparent correlation with sediment burial (as opposed to the
shallower, more porous layer 2A [Nedimović et al., 2008]) is consistent with the previous observations of
Newman et al. [2011]. These authors concluded that layer 2B structure is more dependent on processes occur-
ring at or shortly after accretion than on the evolution of the low-temperature, sediment-controlled shallow
hydrothermal system. Exceptions to this are found at basement highs outcropping above the sediments. For
example, a local upper crustal velocity low (Vp= 5 km/s, 4wt % water) at ~245 km from the deformation front
occurs at a basement high where sedimentary thickness is near zero (Figure 6a). These basement highs may
provide permeable pathways for outflow zones for diffuse off-axis hydrothermal circulation [Fisher et al.,
1990; Newman et al., 2011].

The velocity in the lower crust closely matches that predicted by our thermal modeling from 360 to ~140 km
west of the deformation front, with the exception of moderately reduced values (�0.2 km/s) across the
midplate propagator wake crust (Figure 6b). This indicates that little porosity in the lower crust is inherited
at the ridge, and that the lower crust remains dry (or locally hydrated below the levels detectable with our
data) outside of the propagator wakes or the region of subduction bending (Figure 7b). This result is in agree-
ment with studies from the southern EPR where no significant age-dependent velocity variations are found in
the lower crust between 0.5 and 8.3Ma, in contrast to velocities at upper crustal and upper mantle depths
[Grevemeyer et al., 1998]. Within the first ~4.6Myr (>250 km from the deformation front) velocities in the
upper mantle follow predicted velocities (indicating a mostly dry mantle, Figure 7c), after which the influence
of propagator wakes (where present) dominates the mantle structure (Figure 6c) and velocities in general are
lower than predicted values.

7.2. Influence of Propagator Wakes

Propagator wakes in the interior of the JdF plate are spatially correlated with intraplate seismicity [Nedimović
et al., 2009]. Nedimović et al. [2009] suggest that increased seismicity is due to locally decreased strength
inherited from rift propagation caused by the combined weakening effects of more fracturing and
fracture-facilitated alteration. Our results support this interpretation: the two propagator wakes transected
by our seismic profile are associated with significant velocity and, by inference, hydration anomalies at lower
crustal and upper mantle levels, and to a lesser extent in the upper crust (Figures 6 and 7). Near the ridge axis,
the wakes of ridge axial discontinuities are known to be associated with prominent negative P wave velocity
anomalies throughout the crust that reflect greater fracturing within the inner pseudofault than in the
surrounding crust [e.g., Canales et al., 2003;Weekly et al., 2014]. We find that upper crustal (layer 2B) velocities
within the propagator wakes are only slightly reduced relative to neighboring crust, suggestingmore modest
fracturing and/or alteration (Figure 6a). This observation is consistent with the findings of Newman et al.
[2011] of moderate upper layer 2B velocity decreases within propagator wakes that coincide with increased

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013228

HORNING ET AL. 2-D TOMOGRAPHIC MODEL OF THE JDF PLATE 5872



lower layer 2A velocities interpreted as the result of enhanced fluid flow andmineral precipitation [Nedimović
et al., 2008]. Our results predict upper crust within propagator wakes that is only moderately more hydrated
than unperturbed crust of similar age (Figure 7a).

In the lower crust, however, broad regions of small velocity anomalies of �0.1 km/s are found in our model
(Figure 6b). The anomalies in the lower crust are less localized to the propagator wake zones, compared
with the anomalies in the uppermost mantle, extending some 20 km beyond the boundaries of the propaga-
tor wake. An anomaly of �0.1 km/s corresponds to estimated chemically bounded water contents of
0.25–0.8wt % (depending on the alteration mineral assemblage assumed, Table 2) or alternatively to less
than 0.1 wt% if we assume all water is stored as a free phase in the pore spaces (Figure 7b).

At mantle levels the propagator wakes are associated with the lowest mantle velocities found anywhere
along our plate transect (ΔVp<�1 km/s, Figure 6c). This is consistent with findings of low Vp (7–7.2 km/s)
across other propagator wakes in the northern part of the JdF plate [McClymont and Clowes, 2005] and indi-
cates significant local alteration and hydration of the mantle. While the lateral extents of the two propagator
wakes transected by our profile are significantly different (50 km versus 10 km) themagnitudes of the velocity
anomalies are similar. Interestingly, seismic reflection imaging [Han et al., 2016] indicates that Moho reflec-
tions are weak to absent within the zone of the larger propagator wake. This difficulty in imaging Moho indi-
cates a very low velocity gradient across the crust/mantle transition that is consistent with the local low Vp
values found in the mantle (Figure 6c).

The very weak (or absence of) Moho reflections in the MCS data are also consistent with our OBS data that
show markedly different Pg-PmP-Pn triplications for waves sampling the propagator wakes compared with
those from waves sampling normal crust. For example, record sections from instruments 70 and 71
(Figures S30 and S31) located near the western edge of the propagator wake (Figure 4a) display very well
defined triplications with high-amplitude PmP (which suggests sharp velocity contrast at the Moho) for shots
to the west of the OBSs that sample normal crust (~20–60 km negative ranges). In contrast to this, shots to the
east of the OBSs that sample propagator crust (~20–60 km positive ranges) display weak PmP and less
defined triplications, suggesting a more gradual velocity increase through the Moho. The same pattern is
observed on instruments 67 and 68 (Figures S27 and S28) located near the eastern edge of the propagator
(Figure 4a): well-defined triplications for shots to the east of the instrument (positive ranges), but weaker
PmP and less defined triplication for shots to the west of the instruments (negative ranges). Data from
instrument 69 (Figure S29), which is located near the center of the propagator wake (Figure 4a), have
low-amplitude PmP arrivals and lack clear triplication for shots both to the east and west of the OBS. All of
these observations are consistent with the subdued velocity contrast at the crust/mantle transition in the
propagator wake zones in our final velocity model (Figure 4a).

If we assume serpentinization is the alteration process, the JdF plate mantle could be locally hydrated with up
to 1.8wt % water beneath propagator wakes (Figure 7c), which corresponds to a 15%maximum value of ser-
pentinization. However, our thermal model predicts sub-Moho temperatures that are too high (>400°C) for
significant serpentine formation, but within the stability field of other hydrated minerals such as talc. If talc
is the dominant hydration mineral, then water contents could be lower (0.9wt %, Figure 7c). Alternatively,
the extensive fracturing and shearing of the crust at propagating ridge offsets [Hey et al., 1980; Wilson
et al., 1988] may enhance convective cooling, resulting in locally cooler mantle within the propagator wakes
than predicted by our plate thermal model, thus facilitatingmantle serpentinization. In addition to chemically
bounded water, open fractures at sub-Moho levels may contain free water. Under this assumption, propaga-
tor wakes may contain up to 0.1–0.3wt % water in open fractures (Figure 7c). However, the same assumption
yields a lower amount of free water in the lower crust (<0.1wt %, Figure 7b), and it is difficult to explain how
morewater could be retained in open fractures atmantle levels than at lower crustal levels. Thus, we conclude
that the large negative velocity anomalies present at both propagator wakes in the uppermost mantle are, at
least in part, due to serpentinization of the mantle and/or presence of other hydrated minerals such as talc.

7.3. Deformation Effects in Plate Seismic Structure

Previous studies have revealed faults within the sediment section blanketing the JdF plate at distances of up
to 200 km west of the deformation front (Figure 4c) and one region of crustal-scale faulting [Nedimović et al.,
2009]. Reflection images derived from the collocated MCS data acquired along our Oregon transect
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presented in Han et al. [2016] reveal faults within the sediments and faint fault reflections in the upper crust at
distances up to 320 km seaward of the deformation front. Sediment and crustal faults are sparse and
heterogeneous in distribution west of 130–140 km from the deformation front, but increase in density at
closer distances, with numerous faults within the sediments and crust at distances<130 km, as well as a pro-
minent group of ridgeward dipping lower crustal reflectors (LCRs) found 70–150 km from the deformation
front (Figure 4c). Plate bending due to the combined effects of sediment loading and subduction begins
at 145–150 kmwest of the deformation front, as inferred from residual basement topography after correcting
for plate cooling [Han et al., 2016]. Removing the predicted effects of sediment loading from the basement
topography, bending due to subduction is inferred to initiate ~75–80 km from the deformation front.
Within 40 km from the deformation front, sediment fault throws increase, and reflective faults that transect
the entire crust and extend 6–7 km into the upper mantle are observed (Figure 4c). From these observations
Han et al. [2016] conclude that most deformation associated with plate bending occurs at distances <40 km
from the deformation front.

Our plate-scale velocity model reveals significant changes in structure within this same distance range. Some
of this variability can be associated with the onset of plate deformation due to subduction bending and
sediment loading, while other structures may have been inherited from ridge accretionary processes.
7.3.1. Upper Crust
At ~150 km from the deformation front, upper crustal velocities increase rapidly from 5.6 km/s found in
1.3–6.0Ma crust to quite uniform values of ~6.1 km/s in 6.3–7.8Ma crust (Figure 6a). This change in upper
crustal structure is spatially coincident with changes in crustal reflectivity and sediment fault distribution
[Han et al., 2016] including (1) the presence of LCRs in 6–8Ma crust, and (2) a transition from sparsely distrib-
uted sediment faults to high sediment fault density at 140 km from the deformation front (Figure 4c). LCRs
are mid-to-lower crustal low-angle reflections interpreted as shear zones formed at the ridge crest during
periods of buoyant mantle flow that is faster than plate motion [Bécel et al., 2015; Han et al., 2016; Kodaira
et al., 2014]. The spatial correlation of the zone of high upper crustal Vpwith the LCRs suggests that the anom-
alous upper crustal structure could also be inherited from such period of anomalous crustal formation.
Although the origin of LCRs is unclear, it is possible that an upper crust with lower porosity and hence higher
Vp was formed along with them. An argument against this hypothesis is that in the only other region where
these features have been observed and seismic velocity information is available, there is no evidence for simi-
lar increased upper crustal velocities [Kodaira et al., 2014].

Alternatively, the coincident increase in both the upper crustal Vp at 6.0–6.3Ma crust (Figure 6a) and the sedi-
ment fault density suggests that processes related to or controlled by the deformation of the plate may play a
role. The earlier study of Nedimović et al. [2008] from the JdF plate interior indicates that hydrothermal circu-
lation and precipitation of alterationminerals infilling porosity inherited from accretion at the ridge axis in the
uppermost crust are ongoing to the end of their study area at 150 km from the spreading ridge. At this
distance from the ridge axis, Layer 2A velocities are still significantly below 4.0 km/s [Nedimović et al., 2008]
and hence less than the expected mature Layer 2A velocity of ~4.3 km/s [Grevemeyer et al., 1999] within
the discussed area of increased fault density. With the higher sediment fault density beginning in ~ 6Ma
crust, perhaps faulting and fracturing reach deeper into the dike section leading to deeper penetrating ridge
flank hydrothermal circulation and clogging of intrinsic porosity with mineral precipitation. Closer to the
deformation front upper crustal velocities decrease to values comparable to and in places, slightly lower than
found in younger pre-6Ma crust. Here the landward reduction in Vpmay be a consequence of the documen-
ted increased faulting in this region due to plate bending, with the effects of faulting in velocity canceling
and outpacing any velocity increase due to mineral precipitation processes.

Approaching the deformation front Vp uncertainty increases significantly (Figure 6a); however, immediately
to the east of the deformation front two narrow upper crustal anomalies (Vp> 6 km/s) with lowwater content
(Figure 7a) could indicate localized zones of dehydration of the downgoing plate, perhaps contributing to the
abundant fluid production in the accretionary prism at Hydrate Ridge [Trehu et al., 2004].
7.3.2. Lower Crust
From near the ridge axis to 135–145 km from the deformation front and just east of the wide propagator
wake, lower crustal velocities have values indicating dry gabbros (Figure 6b). Starting from 130 km west of
the deformation front, P wave velocities in the lower crust show a long-wavelength decreasing trend
(Figure 6b), which is coincident with the initiation of plate deformation due to sediment loading and
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subduction bending around 145 km and with the development of faint possible trenchward dipping faulting
in the lower crust (Figure 4c) [Han et al., 2016]. Although the onset of this decreasing lower crustal Vp is also
spatially coincident with the appearance of LCRs, the large-scale decreasing trend in Vp is continuous to the
deformation front, well east of the LCR crust (Figure 6b). We attribute the progressive decrease in velocities in
the lower crust to increased porosity caused by sediment loading and bending-related strain that initially
produces fractures and fault zones that are too small or close to the limit of what can be resolved with the
MCS data. Hydration of the lower crust after the onset of bending-related faulting can be up to 1wt % in che-
mically bounded water or as little 0.2wt % if all water is stored as a free fluid phase in pore spaces (Figure 7b).
7.3.3. Upper Mantle
Between 150 and 50 km west of the deformation front, mantle velocities are relatively low (0.25–0.50 km/s)
with respect to predicted values, suggesting greater fracturing and hydration in this region (Figure 6c).
Along this section of the profile, a cluster of landward dipping events is imaged from ~110 to 130 km attrib-
uted to mantle shears associated with LCR formation, but no reflections interpreted as through-crust faults
penetrating into the mantle are imaged in the reflection data (Figure 4c) [Han et al., 2016]. The reduced
mantle velocities could be due to local anisotropy anomalies induced by mantle shears, or alternatively,
due to faulting at scales smaller than can be detected given the resolution of the reflection imaging. If the
latter, then some mantle hydration at this location can be inferred from the seismic velocities. Modeled
temperatures at the Moho along this section are ~450°C (Figure 5), indicating that talc rather than serpentine
is probably the primary mode of hydration in this part of the system. In the case of talc alteration, the
moderate decrease in mantle velocity is consistent with only <0.2wt% water at upper mantle levels as a
consequence of plate bending processes.

Closer to the deformation front (at distances between 34 and 13 km) deeply penetrating faults extending
6–7 km into the upper mantle are clearly imaged immediately east of the small propagator wake (Figure 4c)
[Han et al., 2016]. As discussed above, a prominent mantle velocity anomaly is associated with the propaga-
tor wake, with a low centered at 40 km and rapid eastward increase, reaching (or exceeding) normal “dry”
mantle velocities locally ~10 km seaward of the trench (Figure 6c). The zone of deep-penetrating faults falls
within the region of increasing mantle velocities immediately to the east of the small propagator. Mantle
water contents of <1wt % (Figure 7c) are estimated for this region, consistent with values reported by
Han et al. [2016] based on estimates of the volume of the imaged fault zones. There is no clear explanation
for why, within 15 km of the deformation front, our mantle velocities reach predicted dry values (Figure 6c).
Mantle reflectivity is also absent within 14 km of the deformation front consistent with less deep fracturing
and alteration [Han et al., 2016]. In addition, seismic data from a fan profile recorded at this location during
our experiment shows a complex mantle anisotropic signature that cannot be explained by simple olivine
alignment along the spreading direction [Canales et al., 2014]. It is possible that the elevated mantle
velocities we find immediately west of the deformation front may be partly associated with an anomalous
mantle anisotropic structure in the paleosegment east of the 8.2–8.8Ma propagator. Regardless of this, the
mantle velocities approaching and across the deformation front suggest that the oceanic mantle of the
paleosegment currently being and about to be subducted beneath the Cascadia deformation front at this
latitude is only very mildly hydrated (Figure 7c).

7.4. Mantle Hydration of a Young, Hot Subducting Oceanic Plate

Active source experiments at other subduction zones have found values of upper mantle hydration in the
incoming plate at the onset of subduction of up to 3.5wt % water off central and NW Nicaragua [van
Avendonk et al., 2011], 1–2wt % water off SE Nicaragua [Ivandic et al., 2008; van Avendonk et al., 2011], and
0–3wt % water off south-central Chile [Contreras-Reyes et al., 2007]. Along our transect of the JdF plate, the
inferred extent of mantle hydration is somewhat lower and locally variable with values between 0 and
1.8wt % (Figure 7c) and we expect water delivery to the deep portions of the Cascadia subduction zone to
be highly variable both spatially and through time. Directly west of the deformation front a local mantle
velocity high is found (Figure 6c) consistent with predicted values for dry upper mantle. However, pro-
nounced velocity anomaly lows indicating locally enhanced hydration of the uppermost mantle are
associated with the propagator wakes located farther west (Figure 6c). As they subduct, these hydration
anomalies will result in local zones of increased water delivery. Nedimović et al. [2009] relate the increased
seismicity beneath the Olympic peninsula in part to the presence of a subducted propagator wake. In
Cascadia the pressure-temperature conditions in the uppermost mantle are at the edge of the stability zone

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013228

HORNING ET AL. 2-D TOMOGRAPHIC MODEL OF THE JDF PLATE 5875



for serpentine but are suitable for the formation of other hydrated alteration minerals such as talc. However,
even if talc is the primary style of mantle hydration of the incoming plate beneath Cascadia, the amount of
water stored at mantle levels in the downgoing JdF plate is very limited, with most of the water likely carried
down at crustal levels.

8. Conclusions

We have used wide-angle seismic data to obtain a 2-D P wave tomography model of the Juan de Fuca plate
along a profile extending from the flank of Axial seamount to offshore central Oregon. Our results show varia-
tions in crustal and uppermantle structure that we interpret as resulting from variations in porosity and extent
of hydration of the oceanic plate prior to subduction beneath the Cascadia forearc.We conclude the following.

1. Within the plate interior, away from the influence of plate bending processes, the JdF crust (below seismic
layer 2A) andmantle acquire a mature structure within 1Myr after accretion. This mature structure is char-
acterized by an upper crust with average velocity of 5.6 km/s within the dike section (layer 2B), fromwhich
we infer a water content of 0.5–2.1wt % (depending on the dominant shape of water-filled pores
assumed), and a lower crust and uppermost mantle with seismic velocities consistent with dry gabbro
and peridotite, respectively, at the temperatures expected from a cooling plate model.

2. Our profile crosses the wakes of two propagators formed at the paleo JdFR, which are associated with
velocity and hydration anomalies at lower crustal and upper mantle levels, and to a lesser extent in the
upper crust. Within the lower crust, we estimate water contents of 0.25–0.8wt % if we assume that water
is chemically bound in alteration mineral assemblages or as little as <0.1wt % if water is stored as a fluid
phase in pore spaces. We find large low-velocity anomalies in the mantle (at 0.5–1.5 km below basement)
at the location of the propagators, which we interpret as resulting from local mantle hydration (up to
0.9–1.8wt % if mantle hydration occurs in the form of talc or serpentine, respectively, or as little as
0.2wt % of free water). Thus, paleosegment boundaries (i.e., propagator wakes) are zones of enhanced
hydration that may at least locally affect subduction zone processes.

3. At a distance of ~150 km from the Cascadia deformation front, we find changes in upper crustal velocity
structure that correlate spatially with both the onset of plate deformation due to the combined effects of
subduction bending and sediment loading, as well as with the location of lower crustal reflectivity inter-
preted as inherited from a period of anomalous ridge accretionary processes [Han et al., 2016]. The
observed increase in upper crustal velocity could be an intrinsic feature related to the formation of this
lower crustal reflectivity, or alternatively, could be related to changes in the midplate hydrothermal
system triggered by onset of plate bending-related deformation.

4. The onset of bending-related faulting results in progressive decrease in lower crustal seismic velocities
toward the deformation front. We estimate that this velocity decrease can be explained by hydration of
the lower crust, with up to 1wt % if water is chemically bounded in alteration mineral assemblages or
as little as 0.2wt % of free water.

5. Within 150–50 km west of the deformation front, away from a small propagator wake zone, mantle velo-
cities are slightly lower than predicted for dry upper mantle compositions, consistent with limited altera-
tion of the mantle. In the vicinity of the deformation front at distances 15–30 km where deep-penetrating
faults are imaged in MCS data, less than 1wt %mantle hydration in the uppermost 1–2 km is found. In the
region of the deformation front mantle hydration is both spatially heterogeneous and very limited with
values between 0 and 0.3wt % water.

6. All our observations lead us to conclude that the paleosegment currently being subducted beneath the
Cascadia deformation front offshore central Oregon is very mildly hydrated, if not dry, at mantle levels,
with most of the water that is supplied into the subduction system being stored at crustal levels.
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